This paper presents an improved maximum-power-point tracking algorithm for wind-energy-conversion-systems. The proposed method significantly reduces the turbine mechanical stress with regard to conventional techniques, so that both the maintenance needs and the medium time between failures are expected to be improved. To achieve these objectives, a sensorless speed control loop receives its reference signal from a modified Perturb&Observe algorithm, in which the typical steps on the reference speed have been substituted by a fixed and well-defined slope ramp signal. As a result, it is achieved a soft dynamic response of both the torque and the speed of the wind turbine, so that the whole system suffers from a lower mechanical stress than with conventional P&O techniques. The proposed method has been applied to a wind turbine based on a permanent magnet synchronous generator operating at variable speed, which is connected to the distribution grid by means of a back to back converter.
Introduction
The use of renewable energy has been increased in the last decade due to the high cost of fossil fuels and the different agreements among the industrialized countries with the aim of reducing CO 2 emissions. Particularly, wind-energy-conversion-systems (WECS) are considered as the most cost effective of all the currently exploited renewable sources [1] . In fact, some countries like Germany, USA and Spain get a considerable amount of generated power from WECS, which is getting comparable to conventional generation sources.
In the design of WECS, two major issues may be pointed out. The first one is the variable and unpredictable availability of the wind. The second one is the strong dependence that it exists between the turbine aerodynamics, the generator speed and the amounts of power that may be extracted from the wind. Therefore, the use of a maximum-power-point tracking (MPPT) algorithm [2] [3] [4] is mandatory to extract as much power as possible from the wind when it becomes available. MPPT algorithms may work at an almost constant generator speed by actuating on the turbine aerodynamics, but the use of variable speed systems increases the global conversion efficiency [5] . Additionally, the costs of the WECS can be reduced if a fixed pitch angle is chosen.
A large number of MPPT techniques has been proposed for both photovoltaic [6, 7] and wind generators [4, 8, 9] . Some of them need an accurate knowledge of the turbine parameters and the measurement of the wind speed to calculate the value of the speed generator that allows operating close to the maximum power point (MPP) [8] . Therefore, they are sensitive to modeling uncertainties and may become ineffective in some cases. An interesting method to achieve MPPT in wind turbines is the so called Perturb&Observe algorithm (P&O) [10] . This technique has been extensively used in power processing of photovoltaic panels. In the context of variable speed WECS, P&O continuously modifies the turbine operation point, by increasing or decreasing the generator speed following the sign of the measured power variations. As a result, MPPT can be achieved without the need of either an accurate knowledge of the turbine parameters or the actual wind speed. However, because of the wind turbine characteristics, small changes in the generator speed may result in large variations of the torque that is applied to the mechanical transmission among the wind turbine and the electrical generator [2, 3] . This fact could increase the maintenance needs and reduce the medium time between failures (MTBF) of the WECS, so that the exploitation benefits may be compromised. To solve this problem, an adaptive P&O was proposed in [3] to reduce the size of the speed steps when the WECS is close to an MPP. Unfortunately, with strongly varying wind conditions the maximum power operation point can change quickly, so that the mechanical stress may be not significantly reduced. Another approach was proposed in [11] , where low-pass filters were added to the speed controller to achieve a soft dynamic response of the WECS.
It is worth to point out that the energy available at high wind speeds may exceed the maximum power that it can be processed by the WECS. When this situation appears, the MPPT operation mode must be stopped and the extracted power must be limited to the nominal one of the WECS. This mode of operation is called constant power region (CPR).
This work presents a modification of the conventional P&O algorithm applied to WECS, in which the typical steps on the reference speed have been substituted by a fixed and well-defined slope ramp signal. The goal of this modification is to achieve a soft transition between two algorithm iterations, so that the generator torque response is less aggressive and therefore, the mechanical transmission stress among the wind turbine and the electrical generator is significantly reduced. From an applied point of view, the consequence of the proposed method is that both the maintenance needs and the MTBF of the WECS are expected to be improved, so that the exploitation benefits can be increased. Moreover, to avoid the additional costs associated to the use of speed sensors, a sensorless technique based on a simplified Kalman filter [12] has been chosen to close the turbine speed control loop. Besides, a variable control structure that was proposed in [13] has been used to eliminate the P&O steps when the turbine works into CPR. Conventionally, in this operation mode the P&O algorithm is modified to limit the extracted power below the nominal one of the system. As a result, the steps on the speed reference do not drive the turbine to the maximum point of the power vs. speed characteristic, but to a point that is limited by the nominal power of the WECS. With the proposed approach, a linear power control loop is used to maintain the extracted power close to the nominal one, so that the reference for the speed control loop follows the output of a relatively slow power controller instead the steps calculated by the P&O algorithm. It is worth pointing out that the mechanical stress in the CPR operation mode is also reduced by applying the proposed variable control structure. A detailed description of the design of the linear power control loop may be found in [13] .
The proposed techniques have been applied to a WECS based on a PMSG operating at variable speed, which is connected to the distribution grid by means of a back to back converter (see Fig. 1 ). In variable speed wind generation systems it is usual to choose a permanent magnet synchronous generator (PMSG) because, among other advantages, the use of a gearbox can be avoided. The control of the grid side inverter is out of the scope of this paper, but a detailed description may be found in [14] .
The paper is organized as follows. Section 2 presents a smallsignal model of both the PMSG and the aerodynamic characteristics of the wind turbine. Section 3 shows the analysis and design of the speed control loop. The dynamic response of the turbine power to changes in the reference speed is also analyzed in Section 3. Section 4 describes both the conventional and the proposed P&O algorithms. In Section 5 some simulations results are presented, showing the response of the proposed control scheme to wind speed variations. Finally, in Section 6 some conclusions are outlined about the performance achieved by the proposed P&O algorithm with regard to the conventional one. (1) show a model of PMSG with a sinusoidal flux distribution, represented in a stationary three-phase frame [15] . R s and L are the stator resistance and inductance, respectively. u a is the phase to neutral terminal voltage and e a is the phase to neutral electromotive force (EMF) driven by the permanent magnets. After applying Park's transform, Eqs. (2) and (3) result, which represent a model of the PSMG in a synchronous reference frame, also called the d-q frame. Fig. 2b shows the corresponding equivalent circuit. Note that, because of the large value of the PMSG inductances, the output voltage of the generator can be directly connected to the rectifier, avoiding the use of additional filter inductors. 
Both d and q components of the stator induced flux are described by Eqs. (4) and (5). u sd and u sq are the stator terminal voltages, I sd and I sq are the stator currents, W PM is the magnetic flux produced by the permanents magnets, and L d and L q are the equivalent stator inductances in the dq synchronous reference system.
The electrical torque applied to the PMSG rotor is represented by (6) , where P is the number of the machine poles. By considering a PMSG without rotor saliency (where L d = L q ), and applying the so called I sd = 0 technique [16] , the expression of the generator torque can be simplified as expressed by Eq. (7). As a consequence, the electrical torque may be controlled simply by regulating the active current I sq .
General scheme of the wind energy conversion system.
Wind turbine model
The power generated by the turbine follows Eq. (8), where q is the density of the air, r is the wind turbine ratio, V w is the wind speed, and C p (k) is the power coefficient, which depends on the tip-speed-ratio parameter, k. C p (k) strongly depends on the wind turbine aerodynamics [17] and it has been modeled following Eqs. (9) and (10), respectively, where x is the turbine rotational speed expressed in rad/s. It is worth pointing out that a, b, c, d, e and f parameters are constant if a fixed pitch angle is considered.
From Eq. (8), it may be obtained the expression of the turbine torque, T r , following Eq. (11).
where C q (k) is the torque coefficient, which follows Eq. (12).
C q ðkÞ ¼ c p ðkÞ k ð12Þ Fig. 3 shows the aspect of both C p (k) and C q (k) characteristics as a function of the tip-speed ratio. Note that both power and torque coefficients are non-dimensional terms.
The whole mechanical system is composed by both the wind turbine and the PMSG, with a global dynamic response that follows Eq. (13) . J is the turbine and rotor system inertia in kg m/s 2 , B r is the friction coefficient that will be insignificant for the later analysis, T r is the wind turbine torque, and T e is the PMSG electromagnetic torque. By considering small-signal variations around an operation point and neglecting the friction term, it results Eq. (14), where s is the variable of the Laplace transform. It is worth pointing out that, in the control of motor drives based on permanent magnet synchronous machines, T r is normally considered as a disturbance input of the system. However, in the case of WECS, the mechanical torque strongly depends on the PMSG speed, as Eqs. (10)- (12) express. Therefore, the mechanical torque should not be considered as an external disturbance.
Note that in this section each of the variables, say x, is composed by the sum of its DC value at the operation point, X, plus its dynamic small-signal value,xðsÞ, following the expression: x ¼ X þxðsÞ.
A linear expression of T r can be derived by means of a first order Taylor series, as Eq. (15) expresses. Note that e T r has a term associated to the wind speed and another one that depends on the generator speed. The wind speed is the true disturbance input of the system, while an intrinsic feedback path will result from the first term of Eq. (16) . Starting from Eqs. (9)-(11), the expression of e T r may be calculated, following Eq. (16). Besides, from Eq. (7) it can be obtained the expression of the electromagnetic torque in the small-signal sense, following Eq. (17) .
The electric power that it is processed by the rectifier follows Eq. (18), in which the generator losses have been taken into account. By linearizing Eq. (18) around an operation point, it results Eq. (19) . 3. Description of the proposed control scheme for WECS Fig. 4 shows the proposed control scheme for a WECS driven by a back to back converter. The grid side inverter regulates the voltage at the dc-link and injects into the grid the energy that it is extracted from the wind turbine by the rectifier. The analysis of the grid side inverter is out of the scope of this paper, but a detailed description may be found in [14] . Regarding the rectifier, two internal control loops regulate independently the PMSG active and reactive currents, i sq and i sd , respectively, to simultaneously impose I sd = 0 and regulate the generator torque. The reference for the active current loop, i.e., for the desired torque, is the output of the cascade connected speed controller. Therefore, the torque response strongly depends on the size of the speed changes. Finally, the reference for the speed control loop depends on the operation mode of the wind turbine. In the MPPT region, the speed reference is calculated by the P&O algorithms to extract as much power as possible from the wind. In CPR, a power loop maintains the generator power to its nominal value, ignoring the MPPT algorithm.
Starting from Eqs. (14)- (19), a block diagram of the whole rectifier control scheme may be obtained, as Fig. 5 shows. As the inner current loops are much faster than both the speed and the power loops, they will be considered as ideal for the analysis that follows, i.e., ĩ sq % ĩ qref in Fig. 5 . The design of T iq is out of the scope of this paper, but details about this issue may be found in [14] .
Design of the speed control loop
The transfer function from the active current reference to the generator speed may be obtained from Fig. 5 , as Eq. (20) expresses. Note that a right half plane pole may appear in this transfer function for certain values of k = rx/V w , so that a careful design of the speed controller is mandatory to avoid the system to become unstable. If e T r were considered just as a disturbance input, the transfer function fromĩ sq tox would be simplified following Eq. (21). Fig. 6 Note from Fig. 6 the sensitivity of the speed control loop to variations of k, it is observed that the stability of the speed control system could be compromised if an excessively low crossover frequency is chosen. Moreover, wrong conclusions about the system stability may be extracted if the designer performs the analysis by means of the simplified model. Although both the accurate and the simplified model agree at high frequencies, at medium and low frequencies the actual response of the wind turbine strongly depends on k, differing from the one predicted by the simplified model. It seems that this problem may be solved by choosing a high enough crossover frequency for the speed loop. However, the generator speed will respond quickly to changes in the reference for high values of the T x crossover frequency. Therefore, if an excessively high crossover frequency is chosen, the resulting 'aggressiveness' of the speed loop produces an abrupt torque response that could damage the mechanical transmission of the system. As a conclusion, the choice of the speed loop crossover frequency results from a compromise between the explained issues. The dynamic response of the rotational speed to changes in the reference can be obtained by calculating the expression of the speed closed control loop as expressed by Eq. (22). Note that the wind speed is considered as a disturbance of the system. To close the speed control loop, the rotational speed of the generator must be measured or estimated by means of some kind of sensorless technique. Several estimation methods have been proposed in the past [18] . In this work, a simplified Kalman observer (SKO) [19] , has been chosen to estimate the rotational speed starting from the measurement of the generator voltages and currents. The SKO algorithm has a variable reduced state vector and a constant gain matrix. In the particular case of a PMSG, the SKO input variables are the estimation of the electromotive force (EMF) in the stationary ab reference frame e a (n), e b (n) following Eq. (23), where h(n), x e (n) are the position and EMF speed, and wðnÞ is an auxiliary variable which represents the estimation error.
The filter gains k e1 , k e2 and k e3 are calculated by using the extended Kalman filter recursive algorithm. In this application, the value of the filter gains has been calculated by means of the dqlr MATLAB Ò function [20] , resulting k e1 = 0.0038, k e2 = 0.7357 and k e3 = 0.0007.
Analysis of the power loop
The transfer function from the speed to the generated power, following Eq. (24), may be obtained from Eqs. (19) and (20) . 
e P out ðsÞ
Fig . 7 shows the response of both the power Fig. 7a and the speed Fig. 7b to a step in the speed reference. As it has been previously pointed out, for certain values of k the power response to changes in the speed reference is the typical one of a non minimum phase system. It is mandatory to take this fact into account when designing the MPPT algorithm, because a wrong sign of the power increments may be measured if an excessively short iteration time is used, so that the algorithm would work improperly. The stabilization time t s can be easily measured from those plots. This time would be a good choice for the iteration time of the MPPT algorithms. Finally, it may be noted that the stabilization time strongly depends on the response of the speed control loop, as it can be concluded by comparing Fig. 7a and b.
Proposed MPPT algorithm
The P&O algorithm is an iterative method which operates in a wide range of wind speeds. It works continuously perturbing the system by increasing and decreasing the speed reference of the speed loop and evaluating the sign of the achieved power response. If a positive power increment is measured, the algorithm maintains the sign of the reference speed steps. Otherwise, the sign of the steps is changed. Several studies carried out on WECS applications show that the P&O algorithm presents disadvantages in systems with high inertia [21] . Concretely, the torque oscillations produced by the continuously changing operation point could damage the mechanical system, especially if its resonance frequency is excited. The proposed solution achieves soft response of the generator torque, so that the risk of damage is dramatically reduced. Fig. 8 shows the operation sequence of both the conventional [4] and the proposed P&O algorithms. The proposed method is derived from the conventional one by substituting the steps on the speed reference by a ramp signal. The slope of the ramp signal is determined by two factors: the size of the step that would be used in the conventional algorithm, and the stabilization time of the power response to changes in the reference speed.
Simulation results
To evaluate the performance of the proposed technique, it has been applied to a WECS with the parameters shown by Appendix A. A simulation study has been carried out by means of PSIM Ó software [22] , which allows programming the whole control algorithms in C code by using an embedded script block. To emulate the wind fluctuations and compare the performance of both the conventional and the proposed P&O algorithms, a wind profile without turbulences and without taking into account the tower shadow effect has been defined, as Eq. (27) expresses. The frequency x r depends on the desired test time, following Eq.
(28). In this case, a test time t test = 60 s has been chosen. Fig. 9 shows the evolution of the generated power, of the reference speed and of the mechanical torque by using the conventional P&O algorithm to achieve MPPT. Fig. 10 shows the evolution of the same variables, measured in the same conditions, by using the proposed P&O technique. Note that both the speed and the torque ripples are significantly decreased by applying the proposed algorithm. From another point of view, the average value of the generated power has been calculated by using both algorithms, following Eqs. (29) and (30). Note that no significant differences have been measured. Figs. 11 and 12 show the response of both the conventional and the proposed P&O algorithms, respectively, to a succession of sudden wind steps from 4 m/s to 12 m/s. The proposed technique presents a softer response than the conventional one for all cases, with lower oscillations around each operation point.
Conclusions
A new MPPT technique for WECS has been proposed and evaluated in this paper. The proposed approach is similar to the wellknown P&O algorithm, but a ramp signal instead of a stepped signal is used to modify the reference speed of the generator, obtaining a softer response of the mechanical variables than the typical one of conventional P&O methods. As a result, the mechanical stress that is applied to the power train dramatically decreases, so that both the maintenance needs and MTBF of the WECS are expected to be improved without significantly reducing the system performance. 
